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ABSTRACT 
 
Transportation networks are essential for a functional society and are a major component of civil 
infrastructure.  The importance of a functioning network is heightened in a post-earthquake 
situation.  More stress is placed on road networks to provide transportation for rescue, repair, and 
relief teams.  Roads, approaches, and embankments represent significant elements in the 
transportation network.  Understanding the performance of these elements is crucial to 
comprehending whole network performance before, during, and after a natural disaster such as 
an earthquake.   
Currently, seismic performance of roads, approaches, and embankments is not well studied.  This 
study seeks to remedy that by investigating the seismic performance of embankments.  First, a 
comprehensive survey of damage to roads, approaches, and embankments is undertaken and 
damage states are categorized and classified.  Limit states are developed that correspond to these 
damage classifications for both the pavement and earthquake engineering communities.  The 
earthquake scenario is simulated using synthetically generated accelerograms representative of 
ground motions of the Central United States (CEUS).   
Analytical models are developed and subjected to dynamic time history analysis.  First, a 
benchmark full bond model is developed and analyzed.  Parametric studies on geometry, 
material properties, and interface conditions are conducted using a variety of models.  Both 4 
meter and 6 meter embankment heights are investigated along with models incorporating 
different interface condition models.  Seismic performance of the embankment is then assessed 
mainly by investigating peak displacements of the various analysis cases.   
Previously established limit states are evaluated and embankment response is characterized 
according to limit state exceedance.  Results of this study show exceedance of the “slight” 
engineering community limit state, and exceedance of both the functional and structural damage 
pavement community limit states.   
  
iii 
 
TABLE OF CONTENTS 
LIST OF FIGURES………………………………………………………………vi 
LIST OF TABLES……………………………………………………………...viii 
CHAPTER 1: INTRODUCTION………………………………………………..1 
1.1.  SIGNIFICANCE OF FUNCTIONAL TRANSPORTATION NETWORKS………1 
1.2.  DEFINITION OF THE PROBLEM……………………………………………2 
1.3 OBJECTIVES OF THE WORK……………………………………………….2 
1.4 CONTENTS OF THE THESIS………………………………………………...3 
CHAPTER 2: LITERATURE REVIEW………………………………………..5 
2.1 REDARSTM 2……………………………………………………………........5 
CHAPTER 3: SURVEY AND CLASSIFICATION OF PREVIOUS 
EARTHQUAKE DAMAGE……………………………………………………...9 
3.1 PREVIOUS EARTHQUAKES SURVEYED………………………………..…..9 
3.2 DAMAGE CLASSIFICATION AND EXAMPLES…………………………….11 
3.2.1 VERTICAL MOVEMENT/CRACKING………………………………………..12 
3.2.2 LATERAL MOVEMENT/CRACKING…………………………………………16 
3.2.3 LONGITUDINAL AND TRANSVERSE CRACKING…………………………...17 
3.2.4 LONGITUDINAL OR TRANSVERSE RIDGES OR OVERLAPS………………...18 
3.2.5 SETTLEMENT……………………………………………………………….20 
3.2.6 OTHER CLASSIFICATIONS………………………………………………….33 
3.2.7 SUMMARY…………………………………………………………..……...37  
3.3 LIMIT STATE DEFINITIONS……………………………………………….38 
CHAPTER 4: MODEL DEVELOPMENT…………………………………….41 
iv 
 
4.1 OPTIONS FOR MODELING OF PAVEMENT SYSTEMS……………………41 
4.2 SELECTED MODELING APPROACH………………………………………42 
4.3 PARAMETER VARIATION…………………………………………………43 
4.3.1 MATERIAL MODELS………………………………………………………..43 
4.3.2 GEOMETRY…………………………………………………………………44 
4.3.3 INTERFACE CONDITIONS…………………………………………………..44 
4.3.3.1 Full Bond Model……………………………………………………...46 
4.3.3.2 Friction Model………………………………………………………..46 
4.3.3.3 Friction with Slip Model……………………………………………….47 
4.4 SCOPE OF APPLICATION OF SELECTED MODEL………………………..47 
CHAPTER 5: EARTHQUAKE DEMAND……………………………………49 
5.1 SCENARIO DEVELOPMENT……………………………………………….49 
5.2 RECORD SELECTION……………………………………………………...49 
5.3 RECORD SCALING AND DURATION………………………………………52 
CHAPTER 6: ANALYTICAL ASSESSMENT………………………………..53 
6.1 FULL BOND ANALYSIS…………………………………………………….53 
6.1.1 MESH REFINEMENT………………………………………………………...53 
6.1.2 MODEL VERIFICATION……………………………………………………..54 
6.2 COULOMB FRICTION MODEL ANALYSIS………………………………...59 
6.3 FRICTION WITH SLIP MODEL ANALYSIS………………………………...61 
6.4 STUDY OF GEOMETRY AND MATERIAL PROPERTIES…………………..63 
6.4.1 ASPHALT MATERIAL PROPERTIES…………………………………………63 
6.4.2 EMBANKMENT HEIGHT…………………………………………………….64 
v 
 
6.5 STUDY OF INTERFACE CHARACTERISTICS……………………………..66 
CHAPTER 7: RESULTS AND DISCUSSSION……………………………….73 
7.1 LIMIT STATE EVALUATION………………………………………………73 
7.2 RELATING MAXIMUM PEAK DISPLACEMENT TO RESIDUAL 
DISPLACEMENT…………………………………………………………...75 
CHAPTER 8: CONCLUSIONS AND FUTURE WORK……………………..77 
8.1 FINDINGS…………………………………………………………………..77 
8.2 CONCLUSIONS……………………………………………………………..79 
8.3 FUTURE WORK…………………………………………………………….79 
REFERENCES…………………………………………………………………..80 
APPENDIX A: REDARS 2 (APPENDIX H)…………………………………..83 
APPENDIX B: ACCELERATION TIME HISTORIES……………………...90 
  
vi 
 
LIST OF FIGURES 
Figure 1. Cross-sections of Typical Asphalt (left) and Rigid (right) Pavements (Huang, 2004). ............... 11 
Figure 2. Surface Faulting, Loma Prieta (USGS, 2010b) ........................................................................... 13 
Figure 3. Surface Faulting, Kocaeli (NISEE, 2010) ................................................................................... 14 
Figure 4. Surface Faulting, Kocaeli (NISEE, 2010) ................................................................................... 14 
Figure 5. Vertical Cracking, Haiti (Olson, 2010)........................................................................................ 15 
Figure 6. Shear Failure, Chile (Al-Qadi and Gencturk, 2010) .................................................................... 16 
Figure 7. Transverse Cracking, Peru (Elnashai et al., 2008) ....................................................................... 17 
Figure 8. Longitudinal Cracking, Peru (Elnashai et al., 2008) ................................................................... 18 
Figure 9. Transverse Ridge, Northridge (Stewart et al., 1996) ................................................................... 19 
Figure 10. Compression Failure, Chile (Al-Qadi and Gencturk, 2010) ...................................................... 20 
Figure 11. Liquefaction Failure, Loma Prieta (USGS, 2010a) ................................................................... 22 
Figure 12. Liquefaction Failure, Loma Prieta (NISEE, 2010) .................................................................... 22 
Figure 13. Liquefaction Failure, Niigata (Rathje et al., 2006) .................................................................... 23 
Figure 14. Liquefaction Failure, Kashmir (Kim, 2010) .............................................................................. 24 
Figure 15. Liquefaction Failure, Kashmir (Kim, 2010) .............................................................................. 24 
Figure 16. Settlement Failure, Chile (Al-Qadi and Gencturk, 2010) .......................................................... 25 
Figure 17. Embankment Failure, Niigata (Kieffer et al., 2006) .................................................................. 26 
Figure 18. Embankment Failure, Niigata (Rathje et al., 2006) ................................................................... 26 
Figure 19. Embankment Failure, Peru (Taucer et al., 2009) ....................................................................... 27 
Figure 20. Cut and Fill Failure, Peru (Elnashai et al., 2008) ...................................................................... 28 
Figure 21. Embankment Failure, Haiti (Olson, 2010) ................................................................................ 29 
Figure 22. Embankment Failure, Haiti (Olson, 2010) ................................................................................ 29 
Figure 23. Embankment Failure, Chile (Al-Qadi and Gencturk, 2010) ...................................................... 30 
Figure 24. Embankment Failure, Chile (Al-Qadi and Gencturk, 2010) ...................................................... 31 
Figure 25. Embankment Failure, Chile (Al-Qadi and Gencturk, 2010) ...................................................... 31 
Figure 26. Embankment Failure, Chile (Al-Qadi and Gencturk, 2010) ...................................................... 32 
Figure 27. Embankment Failure, Chile (Al-Qadi and Gencturk, 2010) ...................................................... 32 
Figure 28. Landslide, Loma Prieta (NISEE, 2010) ..................................................................................... 34 
Figure 29. Landslide, Niigata (Kieffer et al., 2006) .................................................................................... 34 
Figure 30. Landslide, Kashmir (Aydan et al., 2009) ................................................................................... 35 
Figure 31. Land/Rockslide, Kashmir (Aydan et al., 2009) ......................................................................... 35 
Figure 32. Scour Failure, Kobe (NISEE, 2010) .......................................................................................... 36 
Figure 33. Scour Failure, Kocaeli (NISEE, 2010) ...................................................................................... 37 
Figure 34. Model of Embankment showing Pavement System Layers (not to scale). ............................... 43 
Figure 35. Coulomb Friction Model (Dassault, 2008) ................................................................................ 46 
Figure 36. Coulomb Friction with Slip Model (Dassault, 2008) ................................................................ 47 
Figure 37. Selected Accelerogram Sites (Rix and Fernandex, 2007) ......................................................... 50 
Figure 38. Sample Acceleration Time History Record ............................................................................... 51 
Figure 39. Acceleration Response Spectra of Records ............................................................................... 51 
Figure 40. Mesh Refinement Study Results ................................................................................................ 54 
Figure 41. 4 Meter Embankment Mesh ...................................................................................................... 54 
Figure 42. Acceleration Spectrum (Record 475-2) ..................................................................................... 56 
vii 
 
Figure 43. Variation of Damping Ratio of Fine-Grained Soil with Cyclic Shear Strain Amplitude and 
Plasticity Index (Vucetic and Dobry, 1991) ................................................................................................ 57 
Figure 44. Full Bond Model Peak Displacements ...................................................................................... 58 
Figure 45. Coulomb Friction Model Peak Displacements .......................................................................... 60 
Figure 46. Coulomb Friction with Slip Model Peak Displacements........................................................... 62 
Figure 47. Comparison of Peak Displacement Response of Asphalt Modeled as Viscoelastic and Linear 
Elastic .......................................................................................................................................................... 64 
Figure 48. Comparison of 6 Meter and 4 Meter Embankment Peak Displacements for Full Bond Interface 
Condition .................................................................................................................................................... 65 
Figure 49. Comparison of 6 Meter and 4 Meter Embankment Peak Displacements for Friction and 
Friction with Slip Interface Conditions ....................................................................................................... 65 
Figure 50. Coulomb Friction Model: Coefficient of Friction Comparison ................................................. 68 
Figure 51. Comparison of Friction Model to Friction with Slip Model ...................................................... 68 
Figure 52. Coulomb Friction Model 0.75 Coefficient of Friction Comparison .......................................... 70 
Figure 53. Coulomb Friction Model 0.50 Coefficient of Friction Comparison .......................................... 70 
Figure 54. Coulomb Friction Model 0.75 Coefficient of Friction with Slip Comparison .......................... 71 
Figure 55. Coulomb Friction Model 0.50 Coefficient of Friction with Slip Comparison .......................... 71 
Figure 56. Peak Displacements compared to Limit State Values ............................................................... 73 
 
  
viii 
 
LIST OF TABLES 
Table 1. Best-Estimate Value of Maximum Volumetric Strain in Dry Soil due to Seismic Shaking (Youd, 
2002). ............................................................................................................................................................ 6 
Table 2. Post-Earthquake Traffic States and Repair Costs due to Approach-Fill Settlement (Werner et. al., 
2006). ............................................................................................................................................................ 7 
Table 3. Default Earthquake Repair Model for Highway Pavements and Subsurface Materials (Werner et. 
al., 2006). ...................................................................................................................................................... 8 
Table 4. Previous Earthquakes Considered ................................................................................................. 10 
Table 5. Failure Modes of Asphalt and Rigid Concrete during Earthquakes ............................................. 12 
Table 6. Pavement Community Limit States (values given in mm). .......................................................... 39 
Table 7. Earthquake Engineering Community Limit States (values given in mm) (Werner et. al., 2006). 39 
Table 8. Linear Elastic Material Properties and Depths ............................................................................. 43 
Table 9. Viscoelastic Asphalt Properties (Al-Qadi et. al., 2008) ................................................................ 44 
Table 10. Analysis Matrix ........................................................................................................................... 45 
Table 11. Significant Transverse Modes of the 4 Meter Embankment ....................................................... 55 
Table 12. Peak Displacement Values for Full Bond Interface Condition ................................................... 58 
Table 13. Peak Displacement Values for 0.75 Friction Interface Condition .............................................. 60 
Table 14. Peak Displacement Values for 0.50 Friction Interface Condition .............................................. 60 
Table 15. Peak Displacement Values for 0.75 Friction with Slip Interface Condition ............................... 62 
Table 16. Peak Displacement Values for 0.50 Friction with Slip Interface Condition ............................... 62 
Table 17. Normalized Maximum Displacements........................................................................................ 66 
Table 18. Ratios of various Interface Condition Responses to Full Bond Response .................................. 72 
Table 19. Maximum and Residual Displacements ...................................................................................... 76 
 
 
  
1 
 
CHAPTER 1: INTRODUCTION 
 
1.1.  SIGNIFICANCE OF FUNCTIONAL TRANSPORTATION NETWORKS 
 
Transportation networks are one of the major civil infrastructure systems that make up the 
critical backbone of modern societies (Duke, 1981).  Functional transportation networks provide 
for the influx and outflow of people and services from different locations.  Vital needs such as 
medical care, food, and water are serviced by a functioning network of roads.  Subject to the 
hazards of everyday use, road networks including roads, approaches, and embankments are 
continuously deteriorating over their service life.  In addition to daily deterioration, road 
networks are also exposed to extreme events including seismic hazards.  Transportation networks 
are particularly vulnerable to damage from earthquakes. 
 
While an effective transportation network is a key element to an operational society during day 
to day life, transportation networks serve an enhanced purpose when a disaster strikes.  During a 
natural disaster, such as an earthquake, more stress is placed on road networks to provide 
transportation for rescue workers, construction repair teams, and disaster relief (Earthquake 
Engineering Research Institute [EERI], 1986).  Without an intact transportation network, needed 
rescue and relief may not reach affected areas. 
 
Before an impending disaster, transportation networks provide the means for needed evacuation.  
If there is no advance warning, such as in the case of an earthquake, citizens will need to 
evacuate after the earthquake has occurred.  The post-disaster state of the network plays a critical 
role in earthquake evacuation procedures.  During and after the disaster, emergency relief and 
transportation to medical facilities are vital needs that must be provided by a functional network.  
Dangerous situations can be created when access to these vital needs is impaired by damage to 
roads, approaches, and embankments.  Even after the disaster, it is necessary to have an intact 
means of transport to ensure access to continued relief and evacuation.  Post-disaster, damaged 
roads lead to an altered traffic flow, and at the extreme, impassable roads can isolate entire 
communities.  Isolated areas represent a particularly difficult challenge for relief and aid 
workers. 
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1.2.  DEFINITION OF THE PROBLEM 
 
In order to predict the functionality of transportation networks after an earthquake, performance 
under earthquakes needs to be well understood.  As part of this study, an extensive survey of 
previous earthquakes is undertaken.  Many of the observed failures in previous earthquakes 
relate to pavements on embankments.  This thesis investigates embankment performance under 
earthquake loading. 
 
While extensive analytical modeling of pavements, embankments, and pavement systems has 
been done for performance under cyclic traffic loading, there is a need for analytical modeling 
that explores dynamic earthquake input.  With a better understanding of embankment 
performance under earthquake loading, a more complete picture of transportation network status 
post-disaster can be rendered.  Currently, transportation network effectiveness post-earthquake is 
commonly assessed based solely on the level of bridge damage.  If a bridge is determined to 
reach a certain level of damage under an extreme event, then that travel path is considered 
impassable or at a reduced capacity.  Although bridge damage assessment is critical, this method 
is grossly inaccurate.  In many cases, transportation network effectiveness is impaired by the 
performance of roads, approaches, and embankments.  When any of these elements is damaged, 
the network is adversely affected.  Slight to moderate damage will alter traffic flow, while severe 
damage may render a section of road unusable.  A damaged or impassable road can significantly 
affect the functionality of a transportation network.  With existing techniques for hazard 
assessment, these damages to roads, approaches, and embankments are not taken into account. 
 
 
1.3.     OBJECTIVES OF THE WORK 
 
This study seeks to remedy the shortcoming of existing hazard assessment by investigating the 
performance of embankments under earthquake loading.  Gaining an increased understanding of 
embankment seismic performance will lead to development of a more complete picture of 
transportation network status.  Transportation hazard mitigation will no longer be dependent on 
bridge functionality alone.  Network effectiveness will be assessed based on the status of bridges, 
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roads, approaches, and embankments.  Hence, the main objective of this study is to develop a 
predictive model of pavement and embankment behavior under earthquake loading.  In order to 
accomplish this objective, the following tasks are conducted: 
 
• A comprehensive assessment of pavement and embankment behavior in previous 
earthquakes will be conducted to determine applicable damage classifications. 
• Limit states for identified damage classifications will be established. 
• A two- dimensional finite element model will be constructed.  Components of the 
two-dimensional model will be identified including material models and 
geometries. 
• The earthquake scenario including record selection and scaling will be identified. 
• Applicability of the model will be investigated on a variety of levels, mainly 
focused on displacement response. 
 
 
1.4.     CONTENTS OF THE THESIS 
 
This thesis focuses on performance investigation of roadway embankments subjected to 
earthquake loading.  First, previous earthquakes in recent history are surveyed for road, 
embankment, and approach damages.  Commonalities of damage types among earthquakes are 
noted.  Observed damages are categorized into classifications, and examples are given.  For each 
damage state, corresponding limit states are established.  A survey of the literature is conducted 
and previously developed limit states are presented and utilized in this study. 
 
After collecting and reviewing data, a two-dimensional cross-sectional embankment finite 
element model is developed.  Options for modeling pavement systems are explored and an 
approach is chosen.  The selected modeling approach is presented and parameter variations are 
discussed.  The scope and applicability of the selected model is examined.  Material models and 
interface zones implemented in the selected model are presented in detail.  The earthquake 
scenario is developed, and both record selection and scaling are discussed. 
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Finally, analytical results are presented.  The full bond analysis case is presented first and is used 
to perform mesh refinement, natural frequency analysis and reinforce model accuracy.  Models 
showcasing various interface conditions are subsequently examined.  Parametric studies of 
geometry and material properties, as well as interface conditions are offered.  Results and 
discussion are presented, followed by the conclusions of this study and recommendations for 
future work in this area. 
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CHAPTER 2: LITERATURE REVIEW 
 
Upon extensive review of the literature, very few studies are found that investigate seismic 
response of roads, approaches, or embankments.  While various earthquake reconnaissance 
mission field reports exist documenting this type of damage, only one study is found that 
employs the concept of characterizing road performance under earthquake loading.  This study 
will be discussed in the literature review. 
 
2.1. REDARSTM 2 
 
Earthquake performance and limit state evaluation of roads, embankments, and approaches is a 
fairly new concept that has not been studied in great depth.  Upon review of the literature, only 
one previous study was found to employ this idea.  Limit states for approaches and highway 
pavements are established in a joint publication from MCEER and the Federal Highway 
Administration (FHWA) entitled “REDARS 2: Methodology and Software for Seismic Risk 
Analysis of Highway Systems,” published in 2006.  REDARS 2 is a software package developed 
for the Western United States, mainly California, that attempts to estimate earthquake damage to 
components in a highway system, including bridges, tunnels, roadways, and approaches, and the 
impact on traffic disruption due to these damages (Werner et. al., 2006).  REDARS 2 estimates 
seismic hazards, translates this into resulting damage states for each component, and then uses 
this information in a highway-network link-node model to investigate the post-earthquake traffic 
system performance. 
 
The primary focus of this review is on the information contained in Appendix H of the report: 
“Default Models for Approach Fills and Highway Pavements.”  There are two distinct elements 
of this appendix.  The first focuses on the performance of approach fills, specifically approach-
fill settlement.  The relative compaction of the approach fill soils (standard Procter density), and 
the maximum thickness of the approach fill are used to estimate the post-earthquake approach fill 
settlement, based on the procedure given in Youd (2002).  Given the earthquake demand and the 
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volumetric strain of the approach fill materials, the total settlement of the approach fill is 
determined.  Table 1 gives volumetric strain values given earthquake magnitude, peak ground 
acceleration, and fill density. 
 
Table 1. Best-Estimate Value of Maximum Volumetric Strain in Dry Soil due to Seismic 
Shaking (Youd, 2002). 
 
 
 
Using the strain values given in Table 1 and the maximum thickness of the approach, estimated 
values of fill settlement can be determined.  As part of the traffic network modeling and loss 
estimation aspects of REDARS 2, damage states are defined based on the level of approach fill 
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settlement.  Each damage state has a repair procedure, a traffic state, and  a repair cost associated 
with it, as shown in Table 2. 
 
Table 2. Post-Earthquake Traffic States and Repair Costs due to Approach-Fill Settlement 
(Werner et. al., 2006). 
 
 
 
The second important element contained in Appendix H is the model used for highway 
pavements.  The REDARS 2 highway pavements model does not distinguish between concrete 
and asphalt pavements and is based mainly on judgment of transportation professionals in the 
California area.  The software will only analyze highway performance in areas where 
liquefaction is a risk or areas close to a known fault.  For highways falling under one of these 
two criteria, REDARS 2 estimates the permanent ground deformation post-earthquake and 
correlates this to a level of damage, repair cost, duration, and traffic cost, as shown in Table 3. 
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Table 3. Default Earthquake Repair Model for Highway Pavements and Subsurface 
Materials (Werner et. al., 2006). 
 
 
 
The 5 limit states given in Table 3, as well as the corresponding ground displacement values, are 
considered as the earthquake engineering community’s limit states during this study. Limit states 
will be discussed in detail in Section 3.3.  Please see Appendix A of this thesis for the entirety of 
REDARS 2 Appendix H. 
 
Although this report provides a starting point for the performance evaluation of embankments 
and pavements, there are two key limitations this thesis seeks to improve upon:  the limit state 
values employed are based solely on observation and expert opinion, and road performance is 
only investigated in areas either prone to liquefaction or near a known fault.  Through the 
employed modeling procedure, analytical performance results can be used to further refine limit 
state threshold values and go beyond expert opinion into analytical based values.  Also, the 
analysis in this study will provide opportunity for more roads, approaches, and embankments to 
be considered beyond near fault and liquefaction prone areas. 
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CHAPTER 3: SURVEY AND CLASSIFICATION OF PREVIOUS 
EARTHQUAKE DAMAGE 
 
In this chapter, roadway performance during previous earthquakes is examined through both 
written reports and photographic evidence.  The majority of the data collected stems from 
earthquake reconnaissance missions.  The review was limited to those recent earthquakes, from 
1985 to the present, where photographs were available.  First, an overview of road performance 
during previous earthquakes as well an overview of the documentation available on this topic is 
given.  This is followed by a comprehensive categorization of observed roadway failure modes.  
This includes an individual discussion of each of the modes regarding what the failure mode is 
and what causes it, as well as photographic examples from previous earthquakes.  Finally, a 
discussion of the limit states used in fragility curve derivation is presented. 
 
3.1. PREVIOUS EARTHQUAKES SURVEYED 
 
Approximately 30 major earthquakes occurred between the years of 1985 and 2010.  Of these 
earthquakes, those that documented roadway damage were more thoroughly examined.  A list of 
earthquakes reviewed by the author with significant damages to roadways, embankments, or 
approaches for this chapter is given in Table 4.  High quality photos were not available from 
every earthquake listed, and thus photos may not be included from all earthquakes. 
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Table 4. Previous Earthquakes Considered 
Date Location Magnitude 
March 3, 1985 Offshore Valparaiso, Chile 7.8 
October 10, 1986 San Salvador, El Salvador 5.5-5.7 
October 17, 1989 Loma Prieta, California, U.S. 6.9 
July 6, 1990 Philippines 7.7-7.8 
March 13, 1992 Erzincan, Turkey 6.7 
July 12, 1993 Hokkaido, Japan 7.8-8.0 
January 17, 1994 Northridge, California, U.S. 6.7 
August 17, 1999 Kocaeli/Izmit, Turkey 7.6 
September 21, 1999 Chi Chi, Taiwan 7.6 
November 12, 1999 Düzce, Turkey 7.2 
January 16, 2001 Bhuj, India 7.6-8.1 
June 23, 2001 Southern Peru 8.4 
January 26, 2004 Sumatra 9.1-9.3 
October 23, 2004 Niigata, Japan 6.9 
October 8, 2005 Kashmir 7.6 
May 27, 2006 Yogyakarta/Jakarta, Indonesia 6.3 
October 15, 2006 Kona, Hawaii 6.7 
March 6, 2007 Western Sumatra 6.4 
August 15, 2007 Pisco Chincha, Peru 8 
September 12, 2007 Bengkulu and West Sumatra 8.5 
May 12, 2008 Wenchuan, China 7.9-8.0 
January 12, 2010 Port au Prince, Haiti 7 
February 27, 2010 Maule, Chile 8.8 
September 3, 2010 Christchurch, New Zealand 7.0 
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Through careful review of various field reports documenting the damaging effects of these 
earthquakes, several conclusions regarding roadway performance are drawn.  First, although the 
failure of roadways during earthquakes is a common occurrence, roads are often ignored during 
documentation of earthquake effects.  While there are many reconnaissance reports dedicated 
specifically to bridge performance, discussion of roadway, embankment, and approach 
performance is often absent from reports, as well as photographic documentation of damage to 
roads and approaches.  Although roads have not been a focus of earthquake reconnaissance or 
research, they represent an important piece of the transportation network.  Road failure or 
blockage can quickly lead to a major problem during post-earthquake operations.  Traffic flow is 
impeded, including vital emergency vehicles, delaying rescue operations and aid.  In cases where 
there are no alternative routes, entire villages or sections of cities can be isolated until a damaged 
road is repaired.  Impassable roadways can be detrimental obstacles during time-sensitive 
earthquake rescue and aid operations.  The second observation is that roadway failures can often 
be characterized into several, recurring failure modes.  These will be discussed in the following 
section. 
 
3.2. DAMAGE CLASSIFICATION AND EXAMPLES 
 
Throughout the conducted survey, many similar failures were observed in several different 
earthquakes.  The causes of these failures may differ by location, but the result is often similar.  
These failures are categorized by damage classification and summarized in Table 5.  Each 
damage classification will be discussed in detail in subsequent pages.  For reference, typical 
cross-sections of both asphalt and rigid pavements are shown in the figure below. 
 
Figure 1. Cross-sections of Typical Asphalt (left) and Rigid (right) Pavements (Huang, 
2004). 
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Table 5. Failure Modes of Asphalt and Rigid Concrete during Earthquakes 
Failure modes of Asphalt and Rigid Concrete during Earthquakes 
Vertical Movement/Cracking 
Lateral Movement/Cracking 
Longitudinal Cracks 
Transverse Cracks 
Longitudinal Ridge 
Transverse Ridge 
Longitudinal Overlap 
Transverse Overlap 
Settlement - No Cracking 
Settlement – Cracking 
Settlement Holes 
 
 
3.2.1. VERTICAL MOVEMENT/CRACKING 
 
This damage classification covers any type of failure where a road moves vertically with respect 
to its initial position during an earthquake.  A common cause of this failure is surface faulting.  
Surface faulting occurs when a surface rupture due to a known fault line occurs along or across a 
road.  In some earthquakes, the fault rupture never travels to the surface, but in those earthquakes 
where the fault trace does appear on the surface, the surface rupture can occur at or near 
roadways.  Surface faulting can affect pavement, as well as subgrade and base materials, causing 
them to rupture.  There can be vertical and lateral differential movement associated with a 
surface faulting failure; vertical movement would be classified in this category.  Although 
displacement from surface faulting can be small, resulting in only minor cracks or bumps in the 
road, most failures of this type cause large differential movements due to large values of fault 
slip that propagate to the surface.  These large values of displacement can render the affected 
road unusable until repairs are made.  Examples of surface faulting failures, both minor and 
major, are given from the 1989 Loma Prieta and the 1999 Kocaeli earthquakes. 
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Figure 2. Surface Faulting, Loma Prieta (USGS, 2010b) 
 
Figure 2 is an example of damage that would be classified as vertical movement/cracking 
failures.  The failure is caused by surface faulting from the Loma Prieta earthquake.   The crack 
shows considerably large displacements, with a measured “0.3 feet of vertical displacement” 
(USGS, 2010).  The traffic cones visible in the photo indicate that this vertical crack was large 
enough to render at least a section of the road impassable to traffic. 
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Figure 3. Surface Faulting, Kocaeli (NISEE, 2010) 
 
Figure 4. Surface Faulting, Kocaeli (NISEE, 2010) 
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Other examples of surface faulting failures from the Kocaeli earthquake are shown in Figure 3 
and Figure 4.  Although these failures exhibit a combination of damage classifications, the major 
component is vertical movement, therefore they fall under the vertical movement/cracking 
damage classification.  Both of these failures have large vertical components that have made the 
road completely unusable.  Figure 3 depicts a surface rupture travelling across a roadway with 
approximately 1 to 2 feet of vertical displacement.  Figure 4 shows a very large surface rupture 
with a vertical displacement greater than the height of a person.  These two failures demonstrate 
the common catastrophic nature of vertical movement/cracking, especially when associated with 
a known fault line. 
 
 
Figure 5. Vertical Cracking, Haiti (Olson, 2010) 
 
Road failures that are not caused by surface faulting can also fall under the vertical 
movement/cracking damage classification.  This photo, taken from the Haiti earthquake, shows a 
failure categorized as vertical movement/cracking.  There was no known fault line running 
through this area.  It is not uncommon for this type of failure to occur away from any known 
fault, but the damage is usually at a lower level than a case where surface faulting is involved. 
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3.2.2. LATERAL MOVEMENT/CRACKING 
 
A second damage classification is known as lateral movement/cracking.  A common cause of 
this failure type is a shear failure.  Shear forces in the road can cause the road to move laterally 
possibly forming a crack resulting in large differential movements.  An example of a shear 
failure that is classified as lateral movement/cracking damage is shown in Figure 6.  This photo 
is from the 2010 Chile earthquake.  The centerline of the road is no longer aligned and shows a 
considerably large lateral offset.  Failures not due to shear forces may also fall under this damage 
classification type. 
 
 
 
Figure 6. Shear Failure, Chile (Al-Qadi and Gencturk, 2010) 
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3.2.3. LONGITUDINAL AND TRANSVERSE CRACKING 
 
Another set of damage classifications is longitudinal and transverse cracking.  These failure 
types are often caused by a build-up of tension forces.  Tension can cause pieces of road to 
separate and move away from one another.  These types of cracks may also be caused by lateral 
spreading, usually induced by liquefaction.  This type of failure often results in one or several 
cracks that form either across or along a roadway.  If the crack forms across a road, traversing 
across the width of the road, it falls under the transverse cracking classification.  On the other 
hand, if the crack forms along a road, travelling the length of the road, it is classified as 
longitudinal cracking. 
 
 
Figure 7. Transverse Cracking, Peru (Elnashai et al., 2008) 
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Figure 8. Longitudinal Cracking, Peru (Elnashai et al., 2008) 
 
Both of these photos are taken from the Pisco Chincha, Peru earthquake.  Figure 7 is an example 
of a transverse cracking damage classification.  This failure was likely due to lateral spreading 
perpendicular to the road resulting in a large crack across the road.  Figure 8, in contrast, shows a 
lateral cracking damage classification example.  This failure was likely due to lateral spreading 
parallel to the road and caused longitudinal cracks to develop along the road.  In the case of this 
situation, most roads affected were at least temporarily fixed two weeks after the earthquake 
(Elnashai et al., 2008).  This is an indicator that failures falling under longitudinal or transverse 
cracking damage classifications generally can be fixed in the short term to reduce disruption of 
traffic flow while a rehabilitation would be required later. 
 
3.2.4. LONGITUDINAL OR TRANSVERSE RIDGES OR OVERLAPS 
 
An additional set of damage classifications encompasses a total of four of the classification 
types: longitudinal ridges, transverse ridges, longitudinal overlaps, and transverse overlaps.  Any 
one of these four types is likely to occur when there is a build-up of compression forces within 
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the pavement structure.  A ridge is formed when adjacent pieces of pavement press against each 
other with enough forces to cause upward bending and formation of a ridge-like structure.  An 
overlap occurs when, instead of forming a ridge due to the compression force, one piece of the 
pavement slides over an adjacent one, resulting in an overlap. 
 
 
Figure 9. Transverse Ridge, Northridge (Stewart et al., 1996) 
 
An example of a failure falling under the transverse ridge classification from the Northridge 
earthquake is depicted in Figure 9.  The key feature that identifies this is the ridge formed due to 
a build-up of compression forces.  As the ground moved differentially underneath the pavement, 
it forced the road to converge at the ridge point.  Under the high level of compression force, the 
pavement began to bend and deform into the now visible ridge.  As the two road sections 
continued to converge, the pavement at the top of the ridge underwent crushing, visible in the 
photo.  This failure, typical of cracking failure modes, was not major, but it likely caused traffic 
disruption and required repair. 
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Figure 10. Compression Failure, Chile (Al-Qadi and Gencturk, 2010) 
 
Figure 10 is an example of a transverse overlap damage classification from the Chile earthquake.  
As the pavement structure was forced together during the earthquake ground motion, the 
pavement ruptured and one section slid over another, creating an overlap.  Again this failure was 
not severe but will still require some form of repair.  If either the ridge or the overlap occurred 
along the length of the road, the failure would be classified as a longitudinal ridge or overlap. 
 
3.2.5. SETTLEMENT 
 
The final damage classification set contains failure types that relate to settlement.  This 
classification group encompasses the damage classifications of settlement with cracking, 
settlement without cracking, and holes due to settlement.  These damage classifications were by 
far the most common among previous earthquakes.   
 
There are several causes of settlement.  The main causes include poor compaction and 
liquefaction.  In some cases, it can be hard to discern if settlement occurred due to liquefaction or 
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other causes.  In regions where soil conditions are susceptible to liquefaction, such as areas with 
sandy soils or alluvial deposits, liquefaction can play a significant role in roadway performance 
during earthquakes.  When base layers of a road, or even deeper underlying layers, liquefy, the 
road surface can undergo settlement.  Sand boils can develop from liquefied soil rising to the 
surface.  Depending on the amount of differential movement caused by settlement, pavement 
may rupture, or roads may develop waves while the pavement stays intact.  Settlement failure 
due to liquefaction or other causes can range in severity from minor to severe and were a 
common occurrence among previous earthquakes under review.  The severity of liquefaction 
effects will vary depending on soil conditions. 
 
Many of the failures falling under the settlement group of damage classifications are due to 
embankment or fill failures (used interchangeably), and represent a large portion of roadway 
failures during earthquakes.  Roads are often raised for a variety of reasons, including water 
damage protection, by building them on embankments.  If an embankment is not constructed 
properly, often due to poor compaction or high moisture content, it could fail during ground 
shaking resulting in spreading or settlement.  When roads are cut into slopes, fill is often used on 
the downward side of the slope during construction of the road.  If the slope is too great (often 
greater than 1:1) or again if there is poor compaction, the fill can fail during an earthquake.  
These failures, much like liquefaction failures, can be disastrous.  Particularly when a road cut 
into a slope suffers an embankment failure, the results can send the road sliding down the side of 
the hill.   
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Figure 11. Liquefaction Failure, Loma Prieta (USGS, 2010a) 
 
Figure 12. Liquefaction Failure, Loma Prieta (NISEE, 2010) 
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Figure 11 and Figure 12 show failures that fall under the settlement with cracking damage 
classification.  These are liquefaction related settlement failures from the Loma Prieta 
earthquake.  Both photos were taken at Moss Landing, a coastal area of California, where soil is 
likely composed of alluvial deposits because of the proximity to the ocean.  This type of soil is 
highly susceptible to liquefaction during an earthquake.  Both photos show evidence of lateral 
spreading and settlement.  While Figure 11 shows moderate damage, Figure 12 depicts a 
catastrophic failure with very large settlement due to liquefaction. 
 
 
Figure 13. Liquefaction Failure, Niigata (Rathje et al., 2006) 
 
Another example of liquefaction related roadway failure is shown in Figure 13 from the Niigata 
earthquake.  This is also classified as a settlement with cracking category of damage.  Sand boils 
are present in the areas of road settlement.  The failure of the road around the manhole points to 
settlement of the road, floating of the manhole, or a combination of both.  Either of these 
conditions indicates liquefaction played a role in the failure of this road.  Although liquefaction 
played a significant role in the 1964 Niigata earthquake, this was not the case during the 2004 
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earthquake.  Liquefaction was mainly confined to river valleys and rice fields, as is the case in 
Figure 13, where soil was composed mainly of alluvial deposits (Rathje et al., 2006).   
 
 
Figure 14. Liquefaction Failure, Kashmir (Kim, 2010) 
 
Figure 15. Liquefaction Failure, Kashmir (Kim, 2010) 
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Figure 14 and Figure 15 are settlement with cracking failures.  These photos are taken from the 
Kashmir earthquake of 2005.  Here it is unknown if liquefaction played a role in the slope 
failure.  There is also a hole due to settlement visible in Figure 14.  A river is visible in the 
background, indicating that soil in this area is likely loose and composed of deposits and is 
possibly susceptible to liquefaction. 
 
Figure 16. Settlement Failure, Chile (Al-Qadi and Gencturk, 2010) 
 
Figure 16 is from the Chile earthquake.  This photo shows an example of settlement without 
cracking damage classification.  The failure could be caused by liquefaction or poor compaction.  
Not enough information is available from the photo to discern this.  This damage classification 
causes permanent pavement deformation without cracking.  Small deformations may not be 
deemed a failure, but if the deformations are large enough, the road may become impassable.  
Both vertical and lateral waves can develop in the roadway.  Although the pavement did not 
rupture in Figure 16, vertical and lateral waves have developed in the road, due to the settlement 
of subsurface layers of soil.  This is evident by examining the curved white road markings.  
Materials also play a role in crack performance.  This photo shows an example of asphalt 
pavement.  If the material had been rigid pavement, cracks may have developed. 
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Figure 17. Embankment Failure, Niigata (Kieffer et al., 2006) 
 
Figure 18. Embankment Failure, Niigata (Rathje et al., 2006) 
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Figure 17 and Figure 18 are classified as settlement with cracking and show examples of 
embankment failures from the Niigata earthquake.  Both of these photos show roads that were 
built into hills.  The fill did not hold during ground shaking and the roads were forced down the 
slope.  One particularly large embankment failure due to this earthquake caused the closure of 
the Kan-Etsu Expressway, the main route between Tokyo and Niigata.  The road was closed for 
several days to emergency vehicles and two weeks for private vehicles (Ashford and Kawamata, 
2006). 
 
 
Figure 19. Embankment Failure, Peru (Taucer et al., 2009) 
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Figure 20. Cut and Fill Failure, Peru (Elnashai et al., 2008) 
 
More examples of settlement with cracking damage classifications are shown in Figure 19 and 
Figure 20.  These are failures from the Peru earthquake.   Figure 19 depicts a typical highway 
embankment.  Poorly compacted fill material was used to raise the highway.  Under strong 
ground shaking, the fill failed causing large amounts of settlement and a resulting slope failure 
during the earthquake.  Another slope failure due to unsupported fill material is shown in Figure 
20.  A cut was made in a slope and the fill material did not have enough support or compaction 
to withstand the earthquake shaking. 
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Figure 21. Embankment Failure, Haiti (Olson, 2010) 
 
Figure 22. Embankment Failure, Haiti (Olson, 2010) 
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Figure 21 and Figure 22 are examples of embankment failures classified as settlement with 
cracking damage from the Haiti earthquake.  The GEER reconnaissance team investigated 
several locations of embankment failure.  Cracks and deformation extending completely through 
pavement, subbase, and fill were noted.  From the photos alone, it is hard to categorize these 
failures.  Although the cracking patterns look similar to those of liquefaction, the team performed 
thorough inspections and found no evidence of liquefaction.  “Rather, cracking appeared 
restricted to the road bed and adjacent fills, and reflects localized settlement and differential 
cracking/movement of the road fill and underlying subgrade soil… Based on observed 
conditions, the road failures appear to be the result of deformation of soft, organic and saturated 
alluvial and marsh soils” (Rathje et al., 2010).  The Haiti reconnaissance team is one of few that 
have performed thorough roadway failure observations. 
 
 
Figure 23. Embankment Failure, Chile (Al-Qadi and Gencturk, 2010) 
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Figure 24. Embankment Failure, Chile (Al-Qadi and Gencturk, 2010) 
 
Figure 25. Embankment Failure, Chile (Al-Qadi and Gencturk, 2010) 
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Figure 26. Embankment Failure, Chile (Al-Qadi and Gencturk, 2010) 
 
Figure 27. Embankment Failure, Chile (Al-Qadi and Gencturk, 2010) 
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Figure 23 through Figure 27 are examples of embankment failures classified as settlement with 
cracking from the Chile earthquake.  These photos show failures of approach roads to bridges.  
Approach roads are of great importance because they provide access to bridges.  If an approach 
has failed, the bridge is inaccessible, regardless of whether the bridge itself is intact.  The 
selected embankment failures were quite catastrophic and can be attributed to factors such as 
poor compaction, improper fill material, inadequate fill, drainage, and unsupported fill. 
 
3.2.6. OTHER CLASSIFICATIONS 
 
There are damage classifications that are out of the scope of this study, but they should be 
mentioned for completeness.  These damage classification types are not within the scope of 
modeling, and therefore were not included in this study. 
 
The first classification is land/rock sliding.  Earthquakes often cause landslides or rockslides, 
where large amounts of land or rock become loose and slide down steep slopes.  Sliding of land 
or rock over a roadway can render the road impassable until debris is cleared.  In some cases, 
landslides can even take portions of the road out of commission permanently and a new roadway 
needs to be built.  Soil conditions also play a role in the likelihood of landslides occurring.  More 
saturated soils are more susceptible to slope failure.  Particularly if a road is cut into a slope, as 
shown in Figure 20, the road is especially vulnerable to damage from landslides or rockslides.  
Examples of this failure mode are given from the 1989 Loma Prieta, 2004 Niigata, 2005 
Kashmir, and 2007 Yogyakarta earthquakes. 
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Figure 28. Landslide, Loma Prieta (NISEE, 2010) 
 
 
Figure 29. Landslide, Niigata (Kieffer et al., 2006) 
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Figure 30. Landslide, Kashmir (Aydan et al., 2009) 
 
Figure 31. Land/Rockslide, Kashmir (Aydan et al., 2009) 
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An additional damage classification not covered by this study is damage due to scour.  Although 
a less common form of failure, scour poses a significant threat to roadway performance during 
earthquakes.  Scour most often occurs when a pipeline running under a roadway, or some other 
source of water or liquid, breaks.  Underground pipelines often suffer damage during 
earthquakes, and when they leak under a roadway the underlying structure of the road can be 
wiped out reducing pavement support and causing failure of the roadway above.  This can result 
in large sections of the road being washed away or sunk into the ground.  Scour failure examples 
from the 1995 Kobe and 1999 Kocaeli earthquakes are shown. 
 
 
 
Figure 32. Scour Failure, Kobe (NISEE, 2010) 
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Figure 33. Scour Failure, Kocaeli (NISEE, 2010) 
 
A final set of damage classifications not covered in the scope of this study is that of combined 
effects.  Often it is difficult to discern between failure modes because the roadway failure is a 
combination of more than one damage classification. 
 
3.2.7. SUMMARY 
 
By examining damages to roadways in previous earthquakes, it is apparent that roads represent a 
critical role in post-earthquake operations.  Road failures can range from minor cracks to 
catastrophic damages and can hinder the flow of traffic, emergency vehicles, and aid supplies.  
By categorizing road failures into distinct modes, more can be learned about how these failures 
occur and failure prevention. 
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3.3. LIMIT STATE DEFINITIONS 
 
A key factor in performance assessment is the ability to compare observed performance to 
benchmark limit state values.  These limit states are represented by maximum observed 
movement during or after the earthquake.  Later during the analytical modeling stage, limit state 
values are compared to maximum peak displacement during the simulation.  Three threshold 
values are established for each classification: functional damage with no structural damage, 
structural damage requiring repair, and structural damage requiring replacement.  For this 
preliminary study, no distinction is made between structural damage requiring repair and 
structural damage requiring replacement.  Distinguishing between these two limit state 
thresholds will require damage assessment, quantification, and cost/benefit analysis, which is out 
of the scope of this study. 
 
Because of the inherent multidisciplinary nature of this work, consensus on limit state values 
between the pavement and earthquake engineering communities for the above damage 
classifications was not attainable.  For this reason, two sets of limit state values are presented.  
The first set of values is presented in Table 6 and contains those values agreed upon by the 
pavement community.  Several pavement experts are polled, and an average of the results is 
used.  Values are presented in millimeters and represent the maximum value for each limit state.  
For example, for the vertical movement/cracking limit state, the values represent vertical 
displacements, for the lateral movement/cracking limit state, the values represent lateral 
displacements, for limit states pertaining to cracks or ridges, the values represent the width of the 
crack or ridge, and for the settlement limit states the values represent the total amount of 
settlement. 
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Table 6. Pavement Community Limit States (values given in mm). 
  
Functional 
Damage/No 
Structural Damage 
Structural Damage 
requiring 
Rehabilitation 
Structural 
Damage requiring 
Replacement 
Asphalt Concrete       
Vertical Movement/Cracking 6 22 22 
Lateral Movement/Cracking 6 27 27 
Longitudinal Cracks 8 27 27 
Transverse Cracks 9 25 25 
Longitudinal Ridge 9 28 28 
Transverse Ridge 9 30 30 
Longitudinal Overlap 13 32 32 
Transverse Overlap 13 32 32 
Settlement - No Cracking 9 28 28 
Settlement – Cracking 10 24 24 
Settlement Holes 18 33 33 
 
The second set of values presented in Table 7 is taken from the earthquake engineering 
community.  Limit state values previously used in the REDARS (Werner et. al., 2006) 
publication are applied here.  REDARS uses slight, moderate, extensive, and irreparable 
thresholds for the establishment of limit states. 
 
Table 7. Earthquake Engineering Community Limit States (values given in mm) (Werner 
et. al., 2006). 
REDARS Slight Moderate Extensive Irreparable 
Asphalt Concrete         
Permanent Ground Displacement 25 76 152 305 
 
After observation of the two sets of limit states, it can be seen that limit state values from the 
pavement community differ greatly from the values used by the earthquake community.  This is 
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due to a fundamental difference between the two fields.  While the pavement community is 
concerned with the replacement or rehabilitation of pavements and whether this will need to be 
done after an earthquake, the earthquake community is more interested in impassability of the 
road and whether relief and emergency vehicles will be able to traverse the transportation 
network.  In addition, the pavement community is more concerned about the structural capacity 
of the pavement, while, the earthquake community is more concerned about the pavement 
functionality.  It is the hope that these limit states may be applied to assessing fragilities of 
pavement systems in the future.  It is important to note that in this study limit state values are 
presented only for asphalt concrete. 
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CHAPTER 4: MODEL DEVELOPMENT 
 
4.1. OPTIONS FOR MODELING OF PAVEMENT SYSTEMS 
 
Pavements are complex systems influenced by numerous interacting variables.  Because of this 
complexity, pavement design is typically based on a mechanistic-empirical design procedure 
combining mechanical theory with empirical data from field tests such as the American 
Association of State Highway Officials (AASHO) Road Test.  While empirical data uses 
observed correlations between loading and pavement distress data with pavement damage, 
mechanistic data includes mechanical response parameters of pavements such as stress, strain, 
and displacement.  Analytical models can be utilized to study mechanistic behavior of 
pavements. 
 
Pavement systems are typically modeled in one of two ways.  The first technique, implemented 
in the study, is a finite element analysis.  Although many programs exist for finite element 
analysis, many of the utilized programs are specialized for the extensively studied pavement-tire 
interaction analysis, such as DASCAR and NIKE3D (Helwany, et. al., 1998) and EverFE 
(Davids, 2003).  ILLI-PAVE is another finite element program utilized for pavement analysis 
that contains capabilities for modeling full-depth pavements and conventional flexible pavements 
on natural or lime stabilized soils, but it is again specialized for traffic loading (Pekcan et. al., 
2008).  A number of studies exist that target finite element analysis of pavements under dynamic 
traffic loading; however, few exist subjecting pavement systems to earthquake loading.   
 
A second method for modeling pavement systems is the use of elastic layer theory.  Finite-layer 
method provides an accurate, more efficient modeling capability showcased in programs such as 
BISAR and 3D-Move Analysis (UNR, 2010).  While elastic layer theory solvers offer 
considerable savings in computational time, these programs are also specialized for specific 
types of tire-loading and offer no way to incorporate dynamic earthquake loading.  Therefore 
they are not used in this study. 
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Recently, pavement studies have utilized the finite element package ABAQUS/STANDARD.  
ABAQUS was effectively used to study pavement damage under tire loading (Al-Qadi and 
Wang, 2009).  Because ABAQUS has been successfully used to study pavement systems and 
their performance, and the software offers an effective technique for implementing earthquake 
loading through dynamic time-history analysis, the software package ABAQUS is utilized in this 
study. 
 
 
4.2. SELECTED MODELING APPROACH 
 
The objective in selecting the modeling approach is to create a model that can accurately predict 
the behavior of pavement systems on embankments under earthquake loading while keeping 
most of the parameters relatively simple and targeting a few as the focus of this study.  The 
program ABAQUS is used to create and analyze a two-dimensional finite element model.   
 
The selected pavement system is a two-lane highway situated on an embankment.  The model 
consists of the typical layers found within a highway embankment for a total of six layers.  The 
pavement is modeled as one continuous section with a shoulder on each side and consists of 
bilayer hot-mix asphalt with a top wearing surface and lower binder course.  Below that is a base 
layer followed by a layer of compacted subgrade, and at the bottom extents of the model is a 
layer of natural subgrade.  A 3:1 embankment slope is used throughout the study for 
standardization and because of its widespread usage in practice (IDOT, 2002).  The width of 
pavement is set by the standardized width of two lanes, 7.32 meters, with a 1.20 meter shoulder 
on each side.  Depths and material properties for the various embankment layers are given in 
Table 8.  Values are chosen based on an average value of commonly used field materials and a 
silty-sand soil composition. 
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Figure 34. Model of Embankment showing Pavement System Layers (not to scale). 
 
4.3. PARAMETER VARIATION 
 
4.3.1. MATERIAL MODELS 
 
Material properties for all layers are modeled as linear elastic.  This is one of the major 
simplifications of the model.  Embankments can be expected to experience inelastic 
deformations under strong earthquake ground motions.  To keep the model at a reasonable scope, 
nonlinear material properties are not incorporated at this time.  There is one exception to this, 
however.  The asphalt layers are modeled as both linear elastic and viscoelastic.   
 
Table 8. Linear Elastic Material Properties and Depths 
Layer Young’s Modulus (MPa) Poisson’s Ratio Depth (mm) 
HMA Wearing Surface (elastic) 4000 0.40 50 
HMA Binder Course (elastic) 4000 0.40 50 
Granular Base 300 0.35 300 
Compacted Subgrade 100 0.35 450 
Natural Subgrade 50 0.35 3150/5150 
 
 
 
 
 
2 Layer HMA 
Granular Base 
Compacted Subgrade 
Natural Subgrade 
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Characterizing asphalt as a viscoelastic material is a more accurate representation of field 
performance conditions since asphalt response depends on temperature and loading time.  Hot-
mix asphalt viscoelasticity can be measured using the time-dependent creep test or the 
frequency-dependent complex modulus test.  Data implemented in this analysis is taken from 
creep compliance testing from a previous study (Al-Qadi et. al., 2008) and is shown in Table 9. 
 
Table 9. Viscoelastic Asphalt Properties (Al-Qadi et. al., 2008) 
Wearing surface Binder course 
iG or iK  iτ
 
iG or iK  iτ
 
1 3.66E-01 1.13E-04 3.88E-01 1.13E-04 
2 2.70E-01 3.14E-03 3.15E-01 3.14E-03 
3 1.34E-01 1.30E-02 8.21E-02 1.30E-02 
4 1.61E-01 1.64E-01 1.73E-01 1.64E-01 
5 4.75E-02 2.09E+00 2.51E-02 2.09E+00 
6 1.95E-02 3.77E+01 1.07E-02 3.77E+01 
E0 17600 MPa 14400 MPa 
 
4.3.2. GEOMETRY 
 
Two different embankment geometries are investigated in this study by varying embankment 
height.  Both a 4 meter and 6 meter embankment are modeled in order to illustrate the effect of 
increasing embankment height on failure criteria.  Embankment slope is kept the same in all 
cases, resulting in a total of two different model geometries. 
 
4.3.3. INTERFACE CONDITIONS 
 
The final parameter variation is the interface condition.  All horizontal interface conditions are 
varied in some manner.  Interfaces between the natural subgrade and compacted subgrade, 
compacted subgrade and base, and base and binder course layers are varied in the same manner.  
The interface between the two hot-mix asphalt layers is considered differently, however.  For the 
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majority of the layers, three different interface conditions are varied between cases.  These three 
interface models are a fully bonded condition, a Coulomb friction model with a friction 
coefficient of 0.75, and a coulomb friction model with a friction coefficient of 0.50.  When 
considering the interaction between the two asphalt layers, the same interface models are used, 
but the Coulomb friction model is extended, again using 0.75 and 0.50 friction coefficients, to 
include a critical stress slip limit from Romanoschi and Metcalf (2001).  Table 10 shows the 
analysis matrix for this study. 
 
Table 10. Analysis Matrix 
Geometry Asphalt Properties Interface Conditions Asphalt Interface Condition 
4 meter Elastic Fully bonded Fully bonded 
4 meter Elastic Friction 0.75 Fully bonded 
4 meter Elastic Friction 0.75 Slip 
4 meter Elastic Friction 0.50 Fully bonded 
4 meter Elastic Friction 0.50 Slip 
4 meter Viscoelastic Fully bonded Fully bonded 
4 meter Viscoelastic Friction 0.75 Fully bonded 
4 meter Viscoelastic Friction 0.75 Slip 
4 meter Viscoelastic Friction 0.50 Fully bonded 
4 meter Viscoelastic Friction 0.50 Slip 
6 meter Elastic Fully bonded Fully bonded 
6 meter Elastic Friction 0.75 Fully bonded 
6 meter Elastic Friction 0.75 Slip 
6 meter Elastic Friction 0.50 Fully bonded 
6 meter Elastic Friction 0.50 Slip 
6 meter Viscoelastic Fully bonded Fully bonded 
6 meter Viscoelastic Friction 0.75 Fully bonded 
6 meter Viscoelastic Friction 0.75 Slip 
6 meter Viscoelastic Friction 0.50 Fully bonded 
6 meter Viscoelastic Friction 0.50 Slip 
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All of the analyses listed in Table 10 are subjected to several different earthquake records under 
various levels of peak ground acceleration.  The earthquake scenario will be discussed in detail 
in the next chapter.  The interface zone models used in this thesis are now presented. 
 
4.3.3.1. Full Bond Model 
 
The full bond interaction is defined by using the tie constraint in ABAQUS.  This constraint 
allows two surfaces to be constrained such that the surfaces have the same motion throughout the 
analysis procedure.  In this way, the modeled embankment moves as one deformable body. 
 
4.3.3.2. Friction Model 
 
The friction model implemented in this study is the Coulomb friction model.  This model is 
illustrated in Figure 35.  The coefficients of friction utilized here are 0.5 and 0.75.  The friction 
interface condition is specified for all interface conditions except the bond between the two hot-
mix asphalt layers.  A limitation of this model is the assumption that the surfaces are always in 
contact.  Under extreme seismic loading, horizontal or vertical, layers may lose contact with one 
another.  This model cannot account for separation of layers. 
 
 
Figure 35. Coulomb Friction Model (Dassault, 2008) 
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4.3.3.3. Friction with Slip Model 
 
The friction with slip model used in the analysis is an extension of the basic Coulomb friction 
model with a specified critical stress.  The critical shear stress value is taken as 1.415 MPa 
(Romanoschi and Metcalf, 2001).  This model is illustrated in Figure 36.  The friction with slip 
model is specified for HMA to HMA interface conditions.  When the critical stress is reached 
between the two surfaces, the surfaces begin to slide relative to one another.  The interface 
condition can oscillate between sticking and slipping depending on the stress between the two 
surfaces. 
 
 
Figure 36. Coulomb Friction with Slip Model (Dassault, 2008) 
 
 
4.4. SCOPE OF APPLICATION OF SELECTED MODEL 
 
The selected model has limited applicability based on the simplified parameters used.  The major 
simplification is the use of linear elastic material properties for all materials except HMA.  
Linear elastic material properties, as opposed to nonlinear material properties, are likely to 
underestimate maximum displacement values for embankment behavior under earthquake 
loading.  Therefore results obtained in this study should be utilized as lower bound values of 
embankment seismic performance. 
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Another simplification affecting results is the two-dimensionality of the model.  The model is cut 
through the width of the embankment to give a cross-sectional profile.  Because of this 
longitudinal effects from the length of pavement are eliminated from consideration. 
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CHAPTER 5: EARTHQUAKE DEMAND 
 
5.1. SCENARIO DEVELOPMENT 
 
There are many ways to represent seismic ground motions.  Accelerograms provide the most 
accurate representation and are utilized in this study.  Acceleration time histories encompass 
earthquake characteristics such as source fault mechanism, distance, and site condition, and 
allow for true earthquake demand representation by using records that have similar 
characteristics to the scenario of study.  Variability in ground motion can introduce large levels 
of uncertainty into analysis without proper selection of records.  Matching record characteristics 
with the desired earthquake scenario will lead to a more reliable assessment. 
 
This study focuses on the New Madrid Seismic Zone (NMSZ).  The NMSZ is an intraplate fault 
zone located in the Central Eastern United States (CEUS).  Intraplate earthquakes of the CEUS 
have drastically different strong motion characteristics than traditional interplate earthquakes.  
This is because of the slower attenuation of ground motions affecting a larger area. 
  
During the winter of 1811-1812, three of the largest earthquakes in the history of the United 
States struck the NMSZ, a region that includes Alabama, Arkansas, Illinois, Indiana, Kentucky, 
Mississippi, Missouri, and Tennessee.  While this area was sparsely populated at the time, it is 
now home to approximately 43 million Americans and includes the major metropolitan areas of 
St. Louis, Missouri and Memphis, Tennessee. Estimates published by several organizations 
(Elnashai et. al., 2009) indicate that the economic impact of a NMSZ earthquake occurring today 
could be in excess of $200 billion. 
 
 
5.2. RECORD SELECTION 
 
Although there are accounts of strong earthquakes in the CEUS, no natural records representing 
a large magnitude event exist.  For this reason, artificially generated records developed by Rix 
and Fernandez (2007) based on the stochastic method by Boore (2003) are used.  Rix and 
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Fernandez synthetically generated probabilistic ground motions for seven cities located in the 
CEUS.  Records implemented in this study are taken from the Memphis uplands site, and records 
are chosen based upon high spectral amplification within the range of the natural frequency of 
the model.  Sites and soil profiles available are depicted in Figure 37. 
 
 
Figure 37. Selected Accelerogram Sites (Rix and Fernandex, 2007) 
 
The probabilistic ground motions generated by Rix and Fernandez are based on return periods of 
475 years, 975 years, and 2475 years, corresponding to a 10 percent, 5 percent, and 2 percent 
probability of exceedance in 50 years.  While ten records are provided for each site, three records 
from each return period at the Memphis Uplands site are utilized in this study.  By using records 
from varying return periods, the record characteristics vary and the effect of scaling the records 
is reduced.  A sample time history is shown in Figure 38.  The entire set of nine records is 
included in Appendix B of this thesis.  Figure 39 shows the acceleration spectra of each record 
implemented in this study. 
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Figure 38. Sample Acceleration Time History Record 
 
 
Figure 39. Acceleration Response Spectra of Records 
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5.3. RECORD SCALING AND DURATION 
 
The chosen record scaling procedure is scaling by peak ground acceleration (PGA).  PGA 
scaling is chosen because short period structures (fundamental periods less than 0.5 seconds) are 
sensitive to changes in PGA, and the developed embankment models are short period in nature.  
All records are scaled three times such that the PGA of the record is 0.10g, 0.50g, and 1.0g.  
These values are chosen based on preliminary analysis of limit state exceedance.  Each of the 9 
records is scaled three times, resulting in a total of 27 records used in analysis.  Bracketed 
duration of 0.025g is used (Bommer, 1999). 
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CHAPTER 6: ANALYTICAL ASSESSMENT 
 
6.1. FULL BOND ANALYSIS 
 
While a model using fully bonded interface conditions is not a realistic representation of field 
conditions, a model of this nature is useful for a variety of reasons.  In this study, full bond 
analysis is used for mesh refinement and to verify the accuracy of the results.  All surface 
interactions are defined as tied in ABAQUS. 
 
6.1.1. MESH REFINEMENT 
 
A mesh refinement study is conducted to determine the optimum mesh for analysis.  
Discontinuities represented a limiting factor for the HMA layer where convergence problems 
were encountered when the HMA layer depth contained only one element.  The conclusion was 
reached that each layer needs at least two elements spanning its depth in order for the interface 
models to converge.  With this knowledge in mind, several trial meshes were run.  Results from 
the 4 meter mesh refinement study are shown in Figure 40.  Mesh A represents the coarsest mesh 
with meshes increasing in fineness through Mesh J.  Mesh F is the final chosen mesh that is used 
throughout this study.  The mesh was selected such that it was the coarsest mesh that 
satisfactorily met the target value.  Mesh F reached 99.8 percent of the target value. 
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Figure 40. Mesh Refinement Study Results 
The finalized mesh is shown in Figure 41. 
 
Figure 41. 4 Meter Embankment Mesh 
 
 
6.1.2. MODEL VERIFICATION 
 
After completion of the mesh refinement study, a natural frequency analysis is performed using 
ABAQUS.  The significant transverse modes are shown in Table 11.  The first fundamental 
period is used in record selection when examining the acceleration spectra.  The natural periods 
are also utilized to establish Rayleigh damping values and verify model accuracy.  Analytical 
acceleration results are compared to predicted spectral acceleration values based on natural 
period.  The process is repeated by comparing analytical displacement values to spectral 
predicted spectral displacement values. 
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Table 11. Significant Transverse Modes of the 4 Meter Embankment 
Mode %Mass Period 
1 64.35 0.1386 
2 7.32 0.07557 
3 2.66 0.06548 
4 3.26 0.05082 
5 2.42 0.04894 
6 1.28 0.04763 
7 2.02 0.0408 
 
The acceleration spectrum shown in Figure 42 corresponds to the 475-2 record which was 
implemented for model verification purposes.  The upper and lower bounds of the transverse 
modes from Table 11, 0.14 s and 0.04 s, represent the highest and lowest significant periods of 
the embankment.  The overall response is expected to some combination of the periods.  
Therefore, the expected acceleration response should be between the corresponding acceleration 
values for each of these periods.  The spectral acceleration values corresponding to these periods 
are 0.431 g and 0.666 g while the measured response is 0.639 g.  This value falls between the 
two and thus indicates that the model is accurately predicting response.   
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The same procedure and line of reasoning is applied with the displacement values as the 
acceleration values.  Again, the displacement response is expected to fall within the predicted 
spectral displacement values corresponding to the upper and lower bounds of the transverse 
modes from Table 11.  The spectral displacement values correspond to 1.71 mm and 32.26 mm.  
The analytical model measured response is 2.795 mm which falls between the two values.  By 
comparing the output from the model to the spectrum values, accuracy of the model is verified. 
 
Rayleigh damping values are also established after performing the natural frequency analysis.  
Original damping values are set at 5% for 0.10g, 10% for 0.50g and 15% for 1.0g.  After 
preliminary analysis, maximum strain values are investigated and damping values are 
reevaluated.  Maximum strains are order of magnitude 10-3.  Based on Figure 43, damping values 
are reassigned as 2% for 0.1g, 3% for 0.5g, and 5% for 1.0g and are used throughout the analysis 
as such. 
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Figure 43. Variation of Damping Ratio of Fine-Grained Soil with Cyclic Shear Strain 
Amplitude and Plasticity Index (Vucetic and Dobry, 1991) 
Now that the model has been verified, embankment seismic response can be investigated.  The 
primary focus of this thesis will be on displacement response as well as exploring parameter 
variations.  As previously mentioned, a model implementing fully bonded interface conditions 
throughout does not represent field conditions; however, presenting the data is still useful to 
serve as a reference case for when interface conditions are varied. 
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Figure 44. Full Bond Model Peak Displacements 
Figure 44 shows peak displacements for all full bond analysis cases.  This includes both 4 and 6 
meter embankment models with various records at several levels of PGA.  While the response of 
the 4 and 6 meter embankment is similar at low levels of PGA, evidenced by the relatively low 
scatter of points at low PGA, at higher levels of PGA the response of the 6 meter embankment 
diverges to larger displacement values than the 4 meter embankment.  Peak values are given in 
Table 12. 
 
Table 12. Peak Displacement Values for Full Bond Interface Condition 
Peak Displacements (Full bond model) 4 Meter Embankment 6 Meter Embankment 
0.10g PGA 1.8 mm 4.0 mm 
0.50g PGA 7.0 mm 16.1 mm 
1.0g PGA 10.4 mm 26.4 mm 
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6.2. COULOMB FRICTION MODEL ANALYSIS 
 
Now that the full bond analysis results have been presented as a benchmark, models that vary 
interface conditions can be investigated.  For the Coulomb friction model analysis, the interface 
conditions of all horizontal layer interactions are changed from full bond to friction, except the 
bond between the asphalt wearing surface and binder course remains fully bonded.  The 
previously presented Coulomb friction model is used with coefficients of friction, µ, of 0.75 and 
0.5. 
 
While values from analyses utilizing 0.75 coefficient of friction are very similar to 0.50 
coefficient of friction analyses, 0.50 friction cases give larger peak displacements in the vast 
majority of cases.  This is expected as 0.50 is a lower coefficient of friction and allows more 
sliding between surfaces. 
 
Figure 45 shows peak displacement values for all friction model analysis cases.  Peak values for 
0.75 friction coefficient are given in Table 13, and peak values for 0.50 friction coefficient are 
given in Table 14. 
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Figure 45. Coulomb Friction Model Peak Displacements 
 
Table 13. Peak Displacement Values for 0.75 Friction Interface Condition 
Peak Displacements (0.75 Friction model) 4 Meter Embankment 6 Meter Embankment 
0.10g PGA 2.9 mm 5.3 mm 
0.50g PGA 12.1 mm 23.1 mm 
1.0g PGA 18.4 mm 39.7 mm 
 
Table 14. Peak Displacement Values for 0.50 Friction Interface Condition 
Peak Displacements (0.50 Friction model) 4 Meter Embankment 6 Meter Embankment 
0.10g PGA 3.0 mm 5.5 mm 
0.50g PGA 12.5 mm 23.7 mm 
1.0g PGA 19.0 mm 40.5 mm 
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6.3. FRICTION WITH SLIP MODEL ANALYSIS 
 
The final analysis modification is to include a friction with slip interface condition to more 
accurately represent the behavior between the asphalt wearing surface and binder course.  The 
Coulomb friction model discussed in the previous section is still implemented here.  Additionally 
for these analysis cases, the Coulomb friction with slip model highlighted in Chapter 3 is 
implemented for the surface between the two hot-mix asphalt layers.  The previously presented 
Coulomb friction model is again used with coefficients of friction, µ, of 0.75 and 0.5.  The 
Coulomb friction with slip model is used with critical shear stress value 1.415 MPa (Romanoschi 
and Metcalf, 2001). 
 
As expected from the previous analysis case, 0.50 friction coefficient cases give larger peak 
displacements than 0.75 friction coefficient in the vast majority of cases.  Additionally, 
introducing slip into the model generally gives larger displacements than analysis cases without 
slip.  This is anticipated because once the critical shear stress is reached, the two surfaces slide 
relative to one another and undergo larger deformations than if the friction condition was 
maintained constantly. 
 
Figure 46 shows peak displacement values for all friction model analysis cases.  Peak values for 
0.75 friction coefficient are given in Table 15, and peak values for 0.50 friction coefficient are 
given in Table 16. 
 
By comparing results from varying interface characteristics, several major findings are made: 
first, the analysis model presented here is developed with a limited scope such that peak 
displacements obtained in this study should be used as a lower bound for a possible range of 
displacements, second, the analytical results suggest that the friction with slip model represents 
the most accurate results, and third, average ratios can be established to relate the more complex 
models to the benchmark full bond model. 
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Figure 46. Coulomb Friction with Slip Model Peak Displacements 
 
Table 15. Peak Displacement Values for 0.75 Friction with Slip Interface Condition 
Peak Displacements (0.75 Friction model) 4 Meter Embankment 6 Meter Embankment 
0.10g PGA 3.0 mm 5.4 mm 
0.50g PGA 12.3 mm 23.3 mm 
1.0g PGA 18.6 mm 39.9 mm 
 
Table 16. Peak Displacement Values for 0.50 Friction with Slip Interface Condition 
Peak Displacements (0.75 Friction model) 4 Meter Embankment 6 Meter Embankment 
0.10g PGA 3.0 mm 5.5 mm 
0.50g PGA 12.7 mm 23.9 mm 
1.0g PGA 19.2 mm 40.9 mm 
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6.4. STUDY OF GEOMETRY AND MATERIAL PROPERTIES 
 
6.4.1. ASPHALT MATERIAL PROPERTIES 
 
As previously discussed, both linear elastic and viscoelastic material properties are implemented 
in the model for hot-mix asphalt.  Figure 47 compares viscoelastic peak displacement to elastic 
peak displacement and shows that the asphalt material property has virtually no effect on 
embankment performance in the confines of this study.  While in general peak displacements are 
anticipated to be different with a viscoelastic material, this is not exhibited in this study.  This is 
likely due to one of two factors: the limited nature of the model and the frequency of the 
excitation.  The analytical model does not account for changes in temperature.  Viscoelastic 
materials approach linear elastic behavior at low temperatures.  At higher temperatures, 
differences in material property behavior become more noticeable.  Also, the high amplification 
frequency of the seismic loading may not be at a high enough frequency to affect the viscoelastic 
characteristics of the material. In this particular case, given that the loading time and temperature 
were held constant, the effect of viscoelasticity is not pronounced.  In other cases where 
temperatures and loading times are varied, viscoelasticity effects would be greater. 
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Figure 47. Comparison of Peak Displacement Response of Asphalt Modeled as Viscoelastic 
and Linear Elastic 
 
6.4.2. EMBANKMENT HEIGHT 
 
The major geometric variation investigated in this study is embankment height.  Both 4 meter 
and 6 meter embankment heights are analyzed under full bond and the various interface 
conditions previously highlighted.  It is clear that increasing embankment height corresponds to 
increasing peak displacement.   
 
Figure 48 compares the 6 meter embankment peak displacement to the 4 meter embankment 
peak displacement for all full bond cases.  On average, the 6 meter response is roughly a factor 
of 2.5 greater than the 4 meter response.  The same comparison is made in Figure 49 for analysis 
cases considering friction and friction with slip interface conditions.  For these scenarios, 6 meter 
displacements are approximately 2 times greater than 4 meter displacements, a decrease from the 
full bond condition.  The factor of 2 represents the more realistic analysis cases. 
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Figure 48. Comparison of 6 Meter and 4 Meter Embankment Peak Displacements for Full 
Bond Interface Condition 
 
 
Figure 49. Comparison of 6 Meter and 4 Meter Embankment Peak Displacements for 
Friction and Friction with Slip Interface Conditions 
 
Table 17 shows both maximum displacements and normalized displacements for each analysis 
case.  Displacements are normalized by dividing by the embankment height in meters.  In all 
cases, the larger embankment height corresponds to a larger maximum displacement as well as a 
larger normalized displacement, indicating a nonlinear trend. 
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Table 17. Normalized Maximum Displacements 
 4m MAX Disp. 
(mm) 
6m MAX Disp. 
(mm) 
4m Normalized 
Disp.  
6m Normalized 
Disp. 
Full Bond     
0.10g 1.8 4.0 0.5 0.7 
0.50g 7.0 16.1 1.8 2.7 
1.0g 10.4 26.4 2.6 4.4 
0.75 Friction    
0.10g 2.9 5.3 0.7 0.9 
0.50g 12.1 23.1 3.0 3.9 
1.0g 18.4 39.7 4.6 6.6 
0.50 Friction    
0.10g 3.0 5.5 0.8 0.9 
0.50g 12.5 23.7 3.1 4.0 
1.0g 19.0 40.5 4.8 6.8 
0.75 Slip     
0.10g 3.0 5.4 0.8 0.9 
0.50g 12.3 23.3 3.1 3.9 
1.0g 18.6 39.9 4.7 6.7 
0.50 Slip     
0.10g 3.0 5.5 0.8 0.9 
0.50g 12.7 23.9 3.2 4.0 
1.0g 19.2 40.9 4.8 6.8 
 
 
 
6.5. STUDY OF INTERFACE CHARACTERISTICS 
 
This study investigates many different interface conditions, including full bond, Coulomb 
friction with two different coefficient of friction values, and extension of the Coulomb friction 
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model to include slip with a given critical stress value.  Several comparisons are made between 
these interface conditions in order to understand the effects each condition has on embankment 
seismic response.  Additionally, the complex interface models are compared to the benchmark 
full bond condition in order to provide a means of estimating embankment response with more 
accurate interface conditions using a simplified full bond model.  These comparison factors are 
presented in Table 18 at the end of the section. 
 
Figure 50 compares embankment response using a 0.75 coefficient of friction versus using a 0.50 
friction coefficient.  As is the case for most comparisons in this section, results for 4 meter 
response, 6 meter response, and the combined response of both are given.  For every case, the 
ratios are greater than one, indicating that a 0.50 friction coefficient gives greater displacements 
than a 0.75 coefficient of friction.  This is expected because a smaller valued friction coefficient 
allows less resistance to sliding, as was mentioned previously.  Ratios for the 4 meter 
embankment are slightly higher but very similar to the 6 meter embankment response.  On 
average, a 0.50 coefficient of friction gives average peak displacements that are 1.02 times 
greater than a model implementing a 0.75 friction coefficient. 
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Figure 50. Coulomb Friction Model: Coefficient of Friction Comparison 
 
 
Figure 51. Comparison of Friction Model to Friction with Slip Model 
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The effect of adding the slip condition in the Coulomb friction model is also evaluated in Figure 
51.  In this case, peak displacements of the analysis cases implementing the Coulomb friction 
model are compared to those cases that utilize the Coulomb friction with a critical shear stress or 
slip limit.  The results show that although the introduction of a slip limit into the model leads to 
larger peak displacements, the effect is minimal.  There are a few possible explanations for this 
conclusion.  As discussed earlier, the slip limit is only introduced at the asphalt to asphalt layer 
surface interaction.  While this will cause larger relative displacement between the wearing 
surface and binder course of the asphalt, the overall contribution of this movement to the peak 
displacement may be small because of the layers’ relatively small dimensions when compared to 
the entire model.  Furthermore, because of the simplifications of the model, the peak 
displacements realized in this study are taken as a lower bound.  As larger displacements, and 
subsequently larger stresses, are encountered, the slip limit will be reached over a greater period 
of time during the analysis.  When stresses do not reach the critical stress, the interface condition 
reduces to that of the friction model without slip.  The fraction of time the interface stresses 
reach the slip limit indicate the effect the addition of slip has on response.  Here the stresses 
reach the slip limit only a limited amount of time. 
 
The next phase of study involves the comparison of the various interface conditions to the point 
of reference full bond model.  By developing relationships between the full bond model and 
more complex interface models, more accurate response can be estimated from a simple full 
bond model, thus reducing computational effort. 
 
The first comparison of this nature is shown in Figure 52.  The response of the Coulomb friction 
model using a 0.75 friction coefficient is compared to the full bond model.  The data shows an 
average ratio of peak displacements of approximately 1.37.  Figure 53 makes the same 
comparison for the Coulomb friction model using a 0.50 coefficient of friction resulting in 
average ratio of 1.40.  Figure 54 and Figure 55 repeat the process for the analysis cases 
implementing the Coulomb friction with slip models.  These additional interface conditions 
using friction coefficients of 0.75 and 0.50 result in average ratios of peak displacements of 1.39 
and 1.41, respectively. 
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Figure 52. Coulomb Friction Model 0.75 Coefficient of Friction Comparison 
 
Figure 53. Coulomb Friction Model 0.50 Coefficient of Friction Comparison 
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Figure 54. Coulomb Friction Model 0.75 Coefficient of Friction with Slip Comparison 
 
 
Figure 55. Coulomb Friction Model 0.50 Coefficient of Friction with Slip Comparison 
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Table 18 presents the information contained in the above figures in a summarized form.  The 
ratios of the peak displacements for the various interface conditions to a full bond interface 
condition are displayed for the 4 meter embankment, 6 meter embankment, and the average ratio 
for the combined response.  As expected, the ratio increases when friction coefficients are 
reduced and also when slip is introduced into the model. 
 
Table 18. Ratios of various Interface Condition Responses to Full Bond Response 
 6 Meter Response 4 Meter Response Combined Response 
0.75 Friction 1.33 1.61 1.37 
0.50 Friction 1.36 1.67 1.40 
0.75 Friction w/Slip 1.35 1.65 1.39 
0.50 Friction w/Slip 1.37 1.69 1.41 
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CHAPTER 7: RESULTS AND DISCUSSION 
 
7.1. LIMIT STATE EVALUATION 
 
In order to characterize embankment damage, peak displacement values are related to limit state 
values presented in Chapter 3.  Because of the limited scope of the model, peak displacements 
obtained are compared to lateral movement/cracking limit state values only.  Other failure modes 
are not within the scope of this study.  While vertical movement/cracking could be captured 
under the present model, the vertical displacements are negligible because of the inclusion of 
only horizontal ground motions and exclusion of vertical ground motions. 
 
 
Figure 56. Peak Displacements compared to Limit State Values 
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Figure 56 compares peak displacement results from all interface condition analysis cases.  Full 
bond conditions are excluded from limit state evaluation because this scenario should be 
considered a benchmark study as opposed to a realistic case for damage state evaluation.   
 
The results show peak displacement values exceeding the earthquake community “slight” limit 
state, and both the functional and structural damage pavement community limit states.  To 
reiterate, these values should be interpreted as the lower bound of damage because of the 
limitations of the model.  Therefore, the more extensive damage limit states of the earthquake 
community are not exceeded.   This study indicates that while embankment performance in the 
pavement community qualifies as functional and structural damage, embankment performance in 
the engineering community only reaches a slight level of damage. 
 
The 4 meter embankment response is less than that of the 6 meter embankment response.  Peak 
displacements of the 4 meter embankment exceed only the functional damage pavement 
community limit state.  Again, limitations of the model need to be considered.  It can be assumed 
that a 4 meter embankment will experience larger deformations than predicted by the analytical 
model utilized in this study.  Even with the larger response of the 6 meter embankment, only the 
slight engineering limit state is exceeded.  A more sophisticated model would be able to capture 
more failure modes and damage state classifications, creating a more accurate picture of limit 
state exceedance.  The values obtained from this study should be taken as a lower bound. 
 
The fact that damage is perceived as more in the pavement community than the earthquake 
community lies in the fundamental thought process of the individual community.  Limit state 
definitions are based on separate thought processes from each community.  The pavement 
community is concerned specifically with pavement health and possible replacement of the 
pavement post-earthquake.  On the other hand, the earthquake community is concerned with the 
transfer of people and supplies post-disaster, a much less stringent requirement of pavement 
condition.  The pavement could be considered structurally damaged to a pavement expert, but as 
long as relief and aid workers can traverse the road, the earthquake expert is satisfied with the 
pavement condition. 
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7.2. RELATING MAXIMUM PEAK DISPLACEMENT TO RESIDUAL 
DISPLACEMENT 
 
Often permanent displacement is a useful value to obtain.  Because this study involves the use of 
mainly linear elastic materials, permanent or residual displacement cannot be measured.  
Relationships exist, however, to relate maximum peak displacements to permanent displacement.  
There are many relationships employed to relate maximum drift to permanent drift for various 
types of buildings (ATC, 2009). 
 
Relationships also exist for this relationship in soils.  The relationship used in this study is 
adapted from a study relating transient and permanent rotations in soil (Gicev and Trifunac, 
2009).  The study develops a relationship between maximum strain and residual strain for three 
different zones of a soil layer.  Calculations using this model as input data for zone 3 indicate 
that permanent strain or displacement can be estimated as 0.6 times as great as the maximum 
permanent strain or displacement.  Table 19 shows maximum peak displacements and 
corresponding residual displacements for all analysis cases. 
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Table 19. Maximum and Residual Displacements 
 4m MAX Disp. 
(mm) 
6m MAX Disp. 
(mm) 
4m RESIDUAL 
Disp. (mm) 
6m RESIDUAL 
Disp. (mm) 
Full Bond     
0.10g 1.8 4.0 1.1 2.4 
0.50g 7.0 16.1 4.2 9.7 
1.0g 10.4 26.4 6.2 15.8 
0.75 Friction    
0.10g 2.9 5.3 1.7 3.2 
0.50g 12.1 23.1 7.3 13.9 
1.0g 18.4 39.7 11.0 23.8 
0.50 Friction    
0.10g 3.0 5.5 1.8 3.3 
0.50g 12.5 23.7 7.5 14.2 
1.0g 19.0 40.5 11.4 24.3 
0.75 Slip     
0.10g 3.0 5.4 1.8 3.2 
0.50g 12.3 23.3 7.4 14.0 
1.0g 18.6 39.9 11.2 23.9 
0.50 Slip     
0.10g 3.0 5.5 1.8 3.3 
0.50g 12.7 23.9 7.6 14.3 
1.0g 19.2 40.9 11.5 24.5 
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CHAPTER 8: CONCLUSIONS AND FUTURE WORK 
 
Embankment response under earthquake loading has been investigated.  This investigation began 
with a study of previous earthquake damage to roads, approaches, and embankments.  From the 
extensive survey, damage states were classified and corresponding limit states were established.  
The results of the limit state generation are two sets of limit states: one for the pavement 
engineering community and one for the earthquake engineering community.  Analytical 
modeling was used to study embankment seismic response, resulting in a comprehensive set of 
peak displacement data for a variety of scenarios.  Geometry, material properties, and interface 
condition variations were explored.  Peak displacements for these varying analysis cases were 
investigated. 
 
8.1. FINDINGS 
 
By studying the response of embankments, a more complete picture of post-disaster 
transportation network status can be rendered.  Understanding the seismic response of roads can 
lead to better preventative measures and earthquake resistant design.  Throughout the thesis 
work, several findings are made and listed below: 
 
• Based on a survey of previous earthquake damages, the following damage state 
classifications are developed for roads, embankments, and approaches:  
o Lateral Movement/Cracking 
o Vertical Movement/Cracking 
o Longitudinal Cracks 
o Transverse Cracks 
o Longitudinal Ridge 
o Transverse Ridge 
o Longitudinal Overlap 
78 
 
o Transverse Overlap 
o Settlement – No Cracking 
o Settlement – Cracking 
o Settlement Holes 
• Two sets of limit states are established from both the pavement and earthquake 
engineering communities which are applied in this study and can be utilized in future 
studies as well. 
• The analysis model is developed with a limited scope and applicability such that peak 
displacement values obtained from this study should be used as a reasonable lower bound 
for a possible range of displacements. 
• Results from analytical modeling suggest that the most complex model implemented 
here, one that applies a Coulomb friction with a critical stress slip limit, gives the largest 
response values and most accurate results. 
• Displacement values are used to establish average ratios for the various complexities 
introduced in the modeling process to the simple, benchmark full bond model.  These 
ratios can be implemented to avoid a more complex model and reduce computational 
cost. 
• Limit states are evaluated and compared to model results.  While both the functional and 
structural damage pavement community limit states are exceeded, only the earthquake 
community slight limit state is exceeded. 
• Differences between pavement engineering limit states and earthquake engineering limit 
states are explored, indicating that pavement limit states are more stringent because of 
different requirements. 
• Maximum peak displacements are related to comparable residual displacements. 
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8.2. CONCLUSIONS 
 
This study concludes that knowledge of pavement and embankment response under earthquake 
loading is crucial to understanding transportation network status post-earthquake.   This study is 
the first to investigate pavement and embankment performance under earthquake loading.  A 
framework is presented for analysis of this type.  It is expected that future studies considering 
liquefaction and nonlinear soil behavior will provide more accurate results.  Limit state values 
presented in this study can be utilized in future analyses. 
 
8.3. FUTURE WORK 
 
While this study provides useful insight into embankment seismic response, analysis capabilities 
need to be extended in future work.  Expansion of geometry and material model variations will 
provide for higher peak displacements and give a full range developing beyond the lower bound 
provided here.  Additionally, modeling should be extended to three dimensional models.  
Although a two dimensional cross sectional view can capture lateral displacements, a three 
dimensional model is needed to capture not only several of the damage state classifications, but 
also realistic behavior. 
 
Fragility curves must be developed in future work in order to fully characterize the vulnerability 
of road networks.  Future fragility curves can be implemented in existing hazard software to aid 
in disaster preparedness. 
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APPENDIX B: ACCELERATION TIME HISTORIES 
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